One sentence summary: This investigation describes the characteristics of three colicinogenic plasmids in Shigella sonnei, which were found to share close homology with Escherichia coli E-type colicinogenic plasmids and also showed presence of single-stranded initiation region, coexistence of ssDNA and dsDNA and exhibited DNAase activity in colicin-susceptible strains.
INTRODUCTION
Colicins are mostly plasmid-encoded protein antibiotics (Smarda and Smajs 1998; Cursino et al. 2002) . The colicin activity, immunity and lysis protein encoding genes exist as an 'SOS response operon' (Cascales et al. 2007) . The interaction between colicin activity and immunity proteins protects the producer cell (Kleanthous and Walker 2001; Papadakos, Wojdyla and Kleanthous 2012) . The lysis protein facilitates colicin release (Cascales et al. 2007) . All colicins share a basic modular design with the killing activity in the C-terminus, the receptor binding region in the middle and the translocation domain in the N-terminus (Braun, Pilsl and Gross 1994; Jamet and Nassif 2015) .
Colicins are classified into two groups. Group A colicins utilize the Tol system of translocation and are encoded by Type I plasmids, which are small, multicopy, ranging in size from 6 to 10 kb. The Group B colicins utilize the Ton translocation system and are Type II plasmid encoded which are about 40 kb in size, self-transmissible and have a low copy number (Kleanthous 2010a,b) .
The E-colicins under Group A bind to the vitamin B 12 receptor, BtuB (Males and Stocker 1982; Mock and Pugsley 1982; James, Kleanthous and Moore 1996) . They are further subdivided into nine types (ColE1-E9) based on immunity testing (Watson et al. 1981) . Their modes of action range from membrane depolarization, DNase to ribonuclease activity (Konisky 1982; Brunner et al 1985; James et al. 2002) . Three E-type colicins possess two immunity genes. Colicins E3 and E6 possess an additional gene, which encodes a protein similar to E8 immunity protein. Colicin E9 possesses an immunity gene similar to that of E5 (Chak and James 1984; James, Jarvis and Barker 1987) .
Escherichia coli colicins serve as a prototype for studying the genetic organization and evolution of bacteriocins from Gramnegative bacteria (Cascales et al. 2007) . Colicin production by Shigella spp. has been reported; however, their molecular characterization warrants extensive studies (Smarda et al. 1987; Horák 1994; Rajakumar et al. 1996; Smajs et al. 1997; Tigyi et al. 2005) . Our study was undertaken to identify and genetically characterize the colicinogenic plasmids from clinical strains of Shigella sonnei. The morphological changes upon colicin treatment were analyzed by transmission electron microscopy (TEM). We present some novel characteristics of the S. sonnei colicin system.
MATERIALS AND METHODS

Bacterial strains, plasmids and growth media
Three Shigella sonnei strains, IDH01791, IDH01157 and 500867, isolated from stool specimens of dysentery patients admitted to the Infectious Diseases Hospital, Kolkata, were used in this study. Their colicin profile was confirmed by PCR using published primers (Smajs et al. 2010) and immunity testing by conventional plate assay (Calcuttawala et al. 2015) . Plasmids were isolated using the GenElute plasmid mini-prep kit (Sigma-Aldrich Co., St. Louis, MO, USA). The bacterial strains and plasmids used are listed in Table 1 . Bacteria were grown in Luria-Bertani broth (LB(N)) (Difco, Sparks, MD, USA). The transformants were selected on LB agar plates containing crude colicin (250 μl per plate) or ampicillin (100 μg/ml). Isopropyl-β-D-thiogalactopyranoside (1 mM) was used for inducing colicin expression.
Crude colicin preparation
A single colony of S. sonnei from xylose lysine deoxycholate agar (Difco) was inoculated into 5 ml LB(N) and incubated overnight at 37
• C in a shaker. The culture was centrifuged at 10 000 × g for 10 min. The supernatant was passed through a 0.22 μm filter (Millipore, Bangalore, India) and used in the selection of transformants.
DNA techniques
Pooled plasmid DNA from the colicinogenic strains was used for transforming chemically competent Escherichia coli DH5α. Transformants were selected on crude colicin supplemented medium. Plasmid DNA from the transformants was used for a second round of transformation followed by selection on plates containing a single colicin type expressed using the aLICator ligationindependent cloning and expression kit 3 (Thermo Scientific, Grand Island, NY, USA). 
Southern hybridization
Plasmid DNA from the transformants was transferred to Hybond-N+ membranes (GE Healthcare, Amersham, UK) by the vacuum blotting method. Purified PCR products were used as probes. The signal was observed using an alkaline phosphatase DNA labeling reagent and the chemiluminescent detection kit (GE Healthcare).
DNA sequencing
Entire plasmids were sequenced using published primers (Smajs et al. 2010) followed by primer walking with oligonucleotides ( 
Restriction endonuclease digestion and gel electrophoresis
Plasmid DNA from transformants was subjected to restriction endonuclease digestion using the enzymes AccI (Takara, Tokyo, Japan), HincII (Takara), PvuI (Thermo Scientific) and XhoI (Thermo Scientific) followed by agarose gel electrophoresis. The ethidium bromide stained gel was visualized using a UV transilluminator. 
Acridine orange staining
Plasmid DNA was subjected to gel electrophoresis using 1.0% agarose, in TAE buffer at 120V. The gel was stained in 7.5 μg/ml acridine orange (Sigma-Aldrich) for 15 min in 10 mM sodium phosphate buffer, pH 7.0 followed by a 30 min destaining using distilled water. The gel was visualized on a UV transilluminator and photographed using Geldoc 2000 system (BioRad, Hercules, CA).
Plasmid copy number determination by real-time qPCR
Plasmid copy number (PCN) is defined as the number of copies of a plasmid present per chromosome in a cell. In order to determine PCN, the dxs gene encoding D-1-deoxyxylulose-5-phosphate synthase and the target colicin gene fragment were cloned into pCR4-TOPO TA vector (Thermo Scientific) to produce the plasmid DNA standard (Table 1) . Total DNA was extracted from the test strains using the QIAamp DNA Mini kit (Qiagen, Hilden, Germany). Real-time qPCR reactions were performed in triplicate followed by analysis using the LightCycler 480 II instrument (Roche, Mannheim, Germany). A mixture of 20 μl was prepared using LightCycler R 480 SYBR Green I Master kit (Roche) as follows: 6.6 μl nuclease free water, 1.2 μl of each primer (5 μM), 10 μl 2X reaction mix and 1 μl template DNA. The thermal cycling protocol was as follows: initial denaturation, 5 min at 95
• C followed by 40 cycles of 10 s at 95
• C, 10 s at 62
• C and 10 s at 72
• C. A 10-fold dilution series of the plasmid DNA standard, ranging from 1 × 10 4 to 1 × 10 8 copies/μl, were used to construct the standard curves for both chromosomal dxs and the target colicin gene by plotting C t (threshold cycle) values against the logarithm of gene copy numbers. The PCN was calculated by dividing the copy number of colicin gene by the copy number of dxs gene.
TEM studies
Filter-sterilized culture supernatant of the S. sonnei strain IDH01157 was treated with 70% ammonium sulphate, followed by centrifugation at 15 000 × g for 30 min. The precipitate was resuspended in phosphate buffer saline (PBS) and subjected to dialysis. Log-phase culture of a colicin-sensitive S. sonnei strain (NK-2331) in brain-heart infusion broth (Difco) was exposed to colicin, in a time-dependent manner. Cells were washed with PBS, prefixed in 3% glutaraldehyde overnight at 4
• C and fixed in 1% osmium tetroxide for 1 h at room temperature. Cells were dehydrated and embedded in epoxy resin. Ultrathin sections were cut in an ultramicrotome (Leica, Austria), stained with uranyl acetate and lead citrate and examined using a transmission electron microscope (FEI Tecnai 12 Biotwin, Hillsboro, OR).
Nucleotide sequence accession numbers
The sequences of pSSE3, pSSE and pSSE2 were deposited in GenBank under accession numbers KP970685, KP979589 and KP979588, respectively.
RESULTS AND DISCUSSION
Identification of the colicin encoding plasmid
The plasmid profiles of IDH01791, IDH01157 and 500867 exhibited multiple bands. Following transformation, three transformants, T1, T2 and T3, were selected. T1 exhibited two, whereas T2 and T3 exhibited four bands each. Our previous study had revealed that IDH01791 produced colicin E3 (pSSE3 encoded), whereas IDH01157 and 500867 produced colicins E8 and E2, (encoded by plasmids pSSE and pSSE2, respectively), in addition to colicin E3 (Calcuttawala et al. 2015) . In order to select for pSSE3 from the strains IDH01157 and 500867, the plasmid DNA from T2 and T3 was retransformed into Escherichia coli DH5α, followed by selection on plates containing the filter-sterilized culture supernatant from IDH01791 which yielded transformants RT2 and RT3, respectively. The transformants RT4 and RT5 harboring plasmid pSSE of IDH01157 and pSSE2 of 500867, respectively, were selected following a similar protocol. RT2, RT3, RT4 and RT5 exhibited two bands. Southern hybridization using the probes E3 and E8 for the transformants T2 and RT2, and E3 and E2 probes for T3 and RT3, confirmed the identity of each colicinogenic plasmid (Fig. 1) .
DNA sequence analysis of the plasmids pSSE3, pSSE and pSSE2
The plasmids pSSE3, pSSE and pSSE2 were completely sequenced and the genetic maps are shown in Fig. 2 . The nucleotide sequence of the E-type colicins encoded by S. sonnei has not been reported previously. A substantial portion of pSSE was identical (98%-99%) to pSSE2, mainly in the regions responsible for plasmid maintenance, i.e. the rep, mobA, mobC regions and the gene encoding ATP synthase. Sequence similarity between pSSE and pSSE2 was also high in the cea (95% identity), cel (99% identity) and lys2 (98% identity) regions which supports Comparison of the linear plasmid maps of (A) pSSE and pSSE2 with pO111 4 and pDPT3 (Genbank Accession numbers AP010964 and HF570109, respectively), (B) pSSE3 with pColE3-CA38 and pColE7-K317 (Genbank Accession numbers KM287568 and KJ470776, respectively).
the hypothesis that they might have evolved from a common ancestor (Riley 1993a) . A BLAST search revealed that the plasmids pSSE and pSSE2 were highly similar to the plasmids pDPT3 (Genbank Accession number HF570109) and pO111 4 (Genbank Accession number AP010964) ( Fig. 2A) . Interestingly, the plasmids pSSE and pSSE2 exhibit two overlapping ORFs encoding the lysis and lys2 proteins, unlike most other colicinogenic plasmids, which harbor any one of the ORFs. The plasmid pSSE3 did not share significant sequence homology with either of the two plasmids, except for the rep gene (65% of the BLAST coverage) with 85% sequence identity to pSSE and pSSE2, respectively. Interestingly, the ATP synthase encoding and mobC genes were absent in the plasmid pSSE3. It shared only 49% sequence identity with query coverage of 84% with the colicin E3 encoding plasmid pColE3-CA38 (Genbank Accession number KM287568). It shared greater homology (86% query coverage, 98% identity) with plasmid ColE7-K317 (Genbank Accession number KJ470776) (Fig. 2B) . The plasmid pSSE3 exhibited a unique feature not observed in any of the colicin E3 encoding plasmids reported so far. The colicin clusters, E3 and E6, are known to have an additional E8 immunity gene, cei (Chak and James 1984) . Previous studies have shown that 'diversifying selection' is responsible for giving rise to novel colicin gene clusters with expanded immunity functions (Riley 1993b) . The evolved strains with dual-immunity function rapidly invade the ancestral colicinogenic population and get established as a result of 'positive selection' (Tan and Riley 1996) . However, pSSE3 lacked the E8 immunity gene, which may be accounted by the fact that the energy cost of bearing an additional immunity gene seems excessive for the bacteria to remain viable hence resulting in gene loss (Koskiniemi et al. 2012) . All the three plasmids, pSSE3, pSSE and pSSE2, contained ssi sequences for DNA replication, which is in agreement with the previous studies demonstrating the existence of ssi sequences in pColE2 and pColE3-CA38 plasmids (Nomura et al. 1991; Morales et al. 2015) .
Shigella species has been unequivocally shown to be closely related to E. coli based on several recent molecular studies (Johnson 2000; Pupo, Lan and Reeves 2000; Lan and Reeves 2002) . The similarity in genetic makeup facilitates plasmid exchange between these two organisms which contributes significantly to microbial evolution. We hypothesize that the colicinogenic S. sonnei strains have acquired the colicinogenic plasmid from E. coli and such a transformation may help the organism considering several environmental perturbations.
Amino acid sequence analysis of colicin
The sequence of the colicin activity protein, encoded by pSSE, showed highest similarity (99%) with colicins from non-O157 enterohemorrhagic E. coli O111:H-and O-111:NM strains. Whereas in case of IDH01791 and 500867 (plasmid pSSE2 encoded colicin is referred here), the activity proteins exhibited 99% and 98% identity to colicins E3 and E2, respectively. The N-terminal translocation domain of the E-type colicin of IDH01157 and colicin E2 was found to be 96% identical; however, each of them shared 69% and 65% identity, respectively, with the corresponding region of colicin E3. Towards the N-terminal end of these sequences, between the residues 35 and 42 is a conserved 'TolB box', composed of DGSGWSSE (Fig. S1, Supporting Information) . The WSSE motif is conserved in all TolB-dependent colicins. Colicin E2 and E-type colicin (IDH01157 encoded) shared 99% sequence similarity in the central receptor binding domain and they exhibited 84% sequence similarity to colicin E3 in this region (Fig. S2, Supporting Information) . The similarity in amino acid composition towards the N-terminus and central domain is expected because all E-group colicins bind to identical receptor, BtuB, and employ a similar mode of entry into the target cell (James, Kleanthous and Moore 1996) . No significant homology was observed in the C-terminal domain of colicin E3 with the other two colicins reflecting the difference in the catalytic function. Nevertheless, the cytotoxic domains of colicin E2 and E-type colicin of IDH01157 shared 85% identity with greater sequence similarity confined to the N-terminal end of this domain, which is responsible for the killing activity. The C-terminal end of the cytotoxic domain, which is involved in binding the immunity protein, exhibited less sequence similarity, thereby accounting for the absence of cross-immunity between the strains IDH01157 and 500867 (Fig. S3, Supporting Information) .
The immunity proteins encoded by the plasmids pSSE3 and pSSE2 exhibited 100% identity to the immunity proteins E3 and E2, respectively. However, the immunity protein encoded by the plasmid pSSE, harbored by the strain 1DH01157, exhibited 99% sequence identity with the colicin E8, E2, E7 immunity proteins as well as those of E. coli O111: H-and O111:NM. Due to this reason, IDH01157 was designated as an 'E-type' colicin producer. Immunity proteins of pSSE, pSSE2 and pSSE3 did not share any homology (Fig. S4, Supporting Information) .
The lytic protein corresponding to colicin E3 exhibited 89% and 87% identities, respectively, to that encoded by the plasmids pSSE and pSSE2. Nonetheless, the lytic proteins encoded by these two plasmids were 97% identical to each other (Fig. S5 , Supporting Information). The plasmids pSSE and pSSE2 encode lysis as well as Lys2 proteins. Their Lys2 proteins were 93% identical to each other (Fig. S6, Supporting Information) . The plasmid pSSE3 lacked the Lys2 protein encoding gene.
Restriction endonuclease analysis and acridine orange staining
Restriction digestion resulted in DNA fragments of sizes 3925 and 2090 bp when HincII was used for digesting pSSE3, whereas AccI exhibited a single cutting site. The plasmids pSSE and pSSE2 were cut at a single site by PvuI. On the contrary, XhoI had a single recognition site in pSSE2 and two sites in pSSE. The plasmid pSSE upon digestion with XhoI yielded two DNA bands of sizes 5117 and 1637 bp. However, in each case, a diffuse DNA band, resistant to endonuclease digestion, was seen. In order to determine whether this band was a different form of the same plasmid, acridine orange metachromatic staining was performed. The restriction endonuclease-resistant band observed in agarose gels stained orange, a typical property of singlestranded DNA staining, whereas the other DNA in the gel stained green, typical of double-stranded staining (Fig. 3) (McMaster and Carmichael 1977) . This confirmed the coexistence of ssDNA along with dsDNA in all the three colicinogenic strains of S. sonnei as well as the E. coli DH5α transformants. We hypothesize that these colicinogenic plasmids replicate by a mechanism closely related to rolling circle plasmids.
PCN of the colicinogenic plasmids in the wild-type Shigella sonnei strains and the Escherichia coli DH5α transformants
PCN is typically fixed within a given host and under defined growth conditions and is mostly controlled by the origin of replication (Summers 1998 ; del Solar and Espinosa 2000; Lee et al. 2006) . PCN was estimated both in the wild-type S. sonnei and the E. coli DH5α transformants using published method (Lee et al. 2006) , so as to determine whether the host physiology was affecting its rate of replication. Serial dilutions of pECDE3 and pSSDE3 were used to construct standard curves for dxs and CoE3RT1 genes. Likewise, the dilutions of pECDE2 and pSSDE2 were used for constructing the standard curves for dxs and CoE2RT1. The curves were linear (R 2 > 0.99), with slopes within the range -3.3 to -3.6, accounting for efficiency between 90% and 100%. The absolute copy numbers of dxs and CoE3RT1 were determined in the total DNA samples from IDH01791 and T1, from the corresponding standard curves, and the PCN of pSSE3 in these two strains was 18 and 20, respectively. Likewise, the absolute copy numbers of dxs and CoE2RT1 were determined in case of 500867 and RT5, and the PCN of pSSE2 was found to be 26 and 19, respectively. In all cases, PCN was found to be close to 20, which is typical of all Type I colicinogenic plasmids (Cascales et al. 2007) . Plasmids are generally considered as selfish elements, as they metabolically burden their host. In order to minimize their metabolic load and coexist stably with the host, they control their rate of replication and in turn their copy numbers. Thus, PCN is mostly controlled by the origin of replication of the plasmid as well as by the host physiology which plays a major role in governing the plasmid replication. To our knowledge, this maybe the first report on the importance of copy number of colicinogenic plasmids.
TEM study
TEM study was performed to get an insight into the morphological changes in the target cell following colicin exposure. The S. sonnei strain NK-2331, which was not treated with the colicin from IDH01157, showed no cellular changes, whereas the treated strain showed a gradual cytoplasmic change with vacuole formation up to 8 h followed by intense condensation of DNA from 24-36 h ( Fig. 4A and B) . From a detailed sequence analysis and comparison, IDH01791 was found to encode colicin E3, which is an established RNase and the strain 500867 was found to encode colicin E2, an established DNase, in addition to colicin E3. Thus, the strain IDH01157 was used specifically for this study because in addition to colicin E3, it produced an E-type colicin, whose mode of killing needed further investigation.
CONCLUSION
Our study has provided genetic characterization of three colicinogenic plasmids from S. sonnei, each of which exhibits some unique features. The loss of E8 immunity gene from pSSE3 is intriguing and opens an interesting avenue for future research. It is in agreement with the transition of a colicinogenic strain from a hyperimmunity mode, a process in which bacteria are immune to many toxins (as in case of the previously reported ColE3 expressing bacteria, which are immune to colicin E8 in addition to colicin E3) to a multitoxicity mode, where the bacteria are immune to only the toxins which they produce (as in case of pSSE3 harboring S. sonnei which is immune to colicin E3 which it produces) (Pagie and Hogeweg 1999) . Detailed sequence analysis of these plasmids highlights the role played by eco-evolutionary forces in determining the diversity of colicins.
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